Generally, in the optimization of thermoelectric generators, only the heat exchangers or the thermoelectric modules themselves are taken into account. However, the assembly of the generator as a whole is of vital importance since a bad contact or a thermal bridge can waste the performance of an optimal generator. In this sense, the present chapter analyzes experimentally the use of different interface materials to reduce the thermal contact resistance between the modules and the heat exchangers, the influence of the pressure distribution in the assembly as well as the effect of different insulating materials in order to reduce the thermal bridge between the exchangers. Thus, it has been demonstrated that a good assembly requires the implementation of thermal interface materials to ensure the microscopic contact between the heat exchangers and the modules, besides a uniform clamping pressure. Nevertheless, since this is normally achieved with screws, they represent a source of thermal bridges in conjunction with the small distance between the exchangers. In order to reduce heat losses due to thermal bridges, which can represent up to one-third of the incoming heat, an increment of the distance between the exchangers and the use of an insulator is recommended.
Introduction
Thermoelectric generators represent a reliable, robust and compact way for directly converting heat into electricity, as their spread use for space applications demonstrates [1] . However, these devices are hampered by their low efficiency, which has limited their expansion to civil applications.
In order to improve the efficiency of thermoelectric generators, the most common trend focuses on thermoelectric modules, the principal element of the generators since the transformation of heat into electricity is held on them thanks to Seebeck effect. A conventional module is made up of various thermocouples connected electrically in series in order to increase the operating voltage, and thermally in parallel to increase the thermal conductance. Each couple itself is typically composed of two semiconductor thermoelements (an n-type one, in which free electrons predominate, and a p-type one, dominated by free holes) united by a metal conductor. Two rigid substrates of ceramic material provide mechanical firmness to the whole system and isolate the internal circuit.
The efficiency of a thermocouple is proportional to the temperature difference among its sides, as well as to the figure of merit Z (Eq. (1)), which is a function of the Seebeck coefficients α, the thermal conductivities λ and the electrical resistivities ρ of the semiconductors that make up the thermocouple [2] .
Hence, since efficiency is directly related to the capability of the materials as energy converters, there is a deep research about materials that present an equilibrium between a figure of merit as high as possible and ease of manufacturing [3] [4] [5] [6] [7] . Currently available thermoelectric materials present a ZT of around 1 or less, but the outlook for laboratories is to develop materials with a ZT of 2 in order to have an efficiency over 10% and become competitive with other technologies [8] . Nevertheless, this is not an easy task since the three parameters that define Z closely depend on one another [9] . Bismuth-telluride (Bi2Te3), half Heusler, skutterudites, oxides, magnesium silicides and tetrahedrites are the materials already available commercially [8] .
Nonetheless, materials are not the unique tendency regarding the optimization of thermoelectric modules. It is also important to consider the geometrical configuration of the thermocouples: length, number of elements, cross-sectional area or the combination of materials within a thermocouple (the so-called segmented thermoelectric modules) among others [10] [11] [12] [13] [14] [15] [16] [17] .
Besides the improvement of thermoelectric modules, other aspects of a thermoelectric generator can be optimized in order to improve net generation. As shown in Figure 1 , a thermoelectric generator is formed by one or multiple modules interconnected that generate electricity based on the heat received from a hot source, and emit the rest to a cold sink, which is normally the environment. Since the efficiency of the system increases as the sides of the thermoelectric modules approach the temperature of the heat source and sink, the introduction of heat exchangers between the modules and each of the thermal reservoirs becomes necessary in order to maximize the temperature difference.
In this sense, it is widely known that the optimization of heat exchangers is of utmost importance [9, [18] [19] [20] [21] [22] [23] [24] . Obtaining low thermal resistances maximizes the temperature difference, and consequently increases the efficiency of the entire generator. In fact, for a particular geometry it was demonstrated that a 10% improvement of the thermal resistance causes an increase of 8% in the electric power generation [25] .
However, optimization processes often forget the assembly of the generator, i.e. how the different parts are interconnected. And this is something to definitely take into account since a poor assembly can waste the performance of the whole generator regardless having optimal modules and heat exchangers. Thus, the present chapter analyzes three different aspects that need to be considered in the assembly of a thermoelectric generator.
Section 2 deals with the interface contact, or how the microscopic unevenness can affect heat transfer. Section 3 shows the importance of having a uniform pressure distribution in order to ensure a good contact between the different parts. Section 4 explains how to reduce the thermal bridges, undesirable heat losses. Finally, Section 5 summarizes and concludes the chapter.
Interface contact
When two surfaces are confronted, it may seem that there exists a perfect contact among them. However, due to their roughness, surfaces are only in touch at some points, being mostly separated by air gaps that reduce the heat transmission in the interface (Figure 2) . In thermoelectric generators, this fact attenuates the temperature difference across the thermoelectric modules, and therefore, decreases the output power. Thus, the present section explains how to quantify and improve the contact between the modules and each heat exchanger that compose a thermoelectric generator. 
Figure 2.
Representation of the interface filled with air. Red lines simulate the heat flux through the interface [26] .
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Thermal interface materials
In order to improve the contact and achieve a low temperature drop, thermal interface materials (TIMs) are used [27] . Their purpose consists in filling the gaps with materials that have a higher thermal conductivity than air. There are many families of thermal interface materials such as graphite sheets, thermal greases, phase change materials, indium or elastomers [28] [29] [30] . With the objective of checking if the presence of TIMs improves the real contact, this section analyzes three of the most common interface configurations for thermoelectric generators: without TIM, with graphite sheets, and with silicone thermal grease. The specific characteristics of these TIMs are described in Table 1 .
The effect of the thermal contact is modeled through the thermal contact resistance (Eq. (2)), which depends on the temperature drop across the interface ∆T, the heat flux Q ˙ and the area A. This parameter takes into consideration that, due to imperfections in the material's surface, the real contact area is just a small fraction of the apparent contact area; and it is defined in such a way that it is also independent of the TIM's thickness, which varies with pressure.
This thermal resistance depends on many parameters: materials of the contact (with their respective roughness, hardness, and conductivity), their geometry, interface temperature, or contact pressure among others. Therefore, it is difficult to obtain a general expression valid for all assembly possibilities and that considers all the variables. All the expressions available in the literature are restricted to particular geometries and only take into account some of the depending parameters [31] [32] [33] . In this sense, the present section focuses on obtaining the thermal contact resistance for the standard dimensions of a thermoelectric module (40×40 mm 2 ) depending on the clamping pressure and considering a side temperature of 100°C.
Methodology
Due to the broad parameter dependence of the thermal contact resistance, the test bench of Figure 3b has been used in order to measure thermal contact resistances for thermoelectric modules' dimensions in a controlled environment. This device is based on the principle of 'steady state' measurements across thermal interface material junctions.
Hence, a known heat is forced to flow through two 40×40 mm 2 reference bars (usually called fluxmeters) separated by the TIM of interest and under a certain pressure. Thanks to Bringing Thermoelectricity into Reality thermocouples embedded in these bars and since their conductivities are perfectly known, the temperature drop across the interface (∆T) can be indirectly calculated by extrapolation (Figure 3a) . Thermal contact resistance is therefore calculated with Eq. (2). Heat flux across the interface of Eq. (2) is generated by an electrical resistance and dissipated by a heat sink with a fan. Its calculation is possible thanks to the reference bars conductivity, thermocouples measurements and their distance.
Two dissimilar materials of the reference bars were used to test TIMs: highly conductive but soft 1050 Aluminum alloy and a cupper-tungsten alloy which presents an excellent relation between thermal conductivity and hardness. The specific properties (thermal conductivity, hardness, and roughness) of each of these materials are described in Table 2 .
For each material, the three mentioned possible interfaces were studied: no TIM, graphite sheets and silicone thermal grease. All the experiments were performed under the same conditions. The only variable was pressure, one of the most influent parameters in thermal interface resistances, and which was exerted by a linear actuator. The studied pressures range between 50 and 1200 kPa because the pressure recommended by the thermoelectric modules manufacturer is around 1000 kPa [34] . 
Material Thermal conductivity (W/m·K) Hardness (HB) Ra (μm) Rz (μm)
Al 1050 In contact resistance measurement with the 'steady state method,' uncertainty calculation must be taken into account due to the large number of measures that are made. The uncertainty calculation method used is the same as other authors in the literature [35] [36] [37] [38] when applying the same method to measure thermal contact resistances. Table 3 shows the uncertainty values of the equipment.
Results and discussion
Firstly, results of the interface thermal resistance using aluminum bars are shown in Figure 4a . For all the studied interfaces, the behavior with respect pressure follows a similar trend: the thermal resistance decreases with pressure. Hence, the worst value is obtained at low pressures. In addition, it is confirmed that is better to use TIM instead of not using it; the highest thermal resistance corresponds to the absence of TIM. The thermal grease improves the contact without TIM, but when the pressure is higher, its presence is negligible. The reason is that the grease pumps out of the interface at high pressures. Therefore, thermal grease would not improve the contact in assemblies at elevated pressures. Graphite sheets seem to be better: thermal contact resistance is enhanced at every pressure point. The smallest value of thermal resistance obtained for graphite sheet is 2.19 × 10 −5 K·m 2 /W for the Aluminum interface at 1183 kPa.
Secondly, results of cupper-tungsten alloy bars are shown in Figure 4b . These bars have a higher hardness, and its influence can be observed in the results. Due to its higher hardness, thermal resistance without TIM is again the worst one and almost three times higher than with aluminum. In contrast, graphite sheet shows different results than before: its thermal resistance at low pressures is higher than thermal grease. Nevertheless, if the pressure increases, the behavior of the graphite sheets improves, being better than the thermal grease. Thus, on very hard surfaces thermal grease is very effective at low pressures due to its fluidity, and graphite sheet needs higher pressures to work well.
Hence, it can be said that thermal contact resistance must definitely be considered in thermoelectric assemblies because it produces a temperature drop across the interfaces that decreases the efficiency of thermoelectric generators. In order to reduce these thermal contact resistances, the use of thermal interface materials has been demonstrated regardless the
Hole distance ± 10 μm Thermal conductivity ± 10% Table 3 . Uncertainties table.
Bringing Thermoelectricity into Reality pressure. Among the studied TIMs, graphite is better for most of the cases. Nonetheless, hardness seems to be an important parameter to consider, with graphite being the most affected by this at low pressures. Thus, on very hard surfaces working with at low pressures, thermal grease presents a better behavior, reducing the temperature drop.
Influence of pressure distribution
Last section has shown the importance of achieving a low thermal contact resistance in the assembly of thermoelectric generators since it can affect the performance of the whole system.
However, this is not always an easy task, and the introduction of thermal interface materials becomes necessary to ensure a good contact at microscopic level. Furthermore, the combination of pressure with these thermal interface materials improves even further the contact between surfaces as shown in Figure 4 . These graphs analyze different thermal interface materials and different uniform pressure distributions. But what happens if the pressure distribution is not uniform?
Pressure distribution basically depends on the assembly, i.e. the location and the torque applied to the screws. Hence, if there is an uneven torque in the screws or if the location is not appropriate or even if the exerted torque is too big that it provokes the bending of the heat exchangers, it could happen that only some parts of the thermoelectric modules are in contact with the heat exchangers, leading to changes associated with the thermal contact resistance explained in last section [39, 40] . As a consequence, temperature mismatches appear and therefore problems of decreased power output arise [41] . Thus, although it is not normally taken into account, it is important to consider the clamping force in the assembly of thermoelectric generators [42, 43] . In this sense, the present section analyzes different screw configurations and torques to demonstrate the importance of the clamping pressure and its distribution in the assembly of thermoelectric generators. The Importance of the Assembly in Thermoelectric Generators http://dx.doi.org/10.5772/intechopen.75697 Figure 5 . The four studied screw configurations for the considered thermoelectric generators.
Methodology

Description of the studied configurations
In order to analyze how the pressure is distributed with regard the location of the screws and their torque, two different thermoelectric generators have been used with graphite as interface material since it has been demonstrated that it leads to better results than the other studied TIMs. In both generators, the heat source is represented by a heating plate made up of electrical resistances, in contact with the thermoelectric modules, which dissipate the non-converted heat to the ambient thanks to a fin dissipater assisted by a ventilator. The dimensions are the only difference between them. Hence, one of the generators is prepared for holding two thermoelectric modules while the bigger dimensions of the second one allows the implementation of four modules. For each generator, two possible screw configurations clamped with different torques have been analyzed. The location of the screws is depicted in Figure 5 , while the studied torques are summarized in Table 4 .
Study of the pressure distribution
Pressure distribution has been studied thanks to PRESCALE Pressure Measurement Films by Fujifilm [44] . These films change their color intensity depending on the pressure applied, changing from white to dark magenta as pressure increases. In this particular case, films ranged between 0.6 and 2.5 MPa have been used.
For each of the experiments, a film has been placed between the thermoelectric modules and the fin dissipater located at the cold side. With this film suitably located, the generator has been assembled with the corresponding torques. As a consequence, the films changed their color in those areas where more pressure was exerted. After the generator was perfectly assembled, the set was cautiously dismantled and the films analyzed. Experiments were repeated three times each in order to ensure their repetitiveness.
The analysis has been performed in two steps. On the one hand, a qualitative analysis has allowed the visual determination of the pressure distribution. On the other hand, the comparison of each of the pixels with a scale by means of the closest neighbor method has permitted a statistical analysis, with the median as the most important parameter.
Results and discussion
Qualitative analysis
Based on the pressure films, it is obvious that there does not exist a uniform pressure distribution in the modules. Figure 6a shows the distribution obtained in the configuration with two modules and four screws. As it can be observed, only those parts closer to the screws have a significant pressure. The central part of the configuration seems not to be in such a good contact due to the bending of the base of the dissipator.
If another two screws are introduced in order to reduce the mentioned bending (Figure 6b-d) , the pressure distribution becomes more uniform. The reason why the distribution is not equally uniform at both sides of the modules is due to the different distance of the screws to the modules. Nonetheless, as expected, it is achieved a higher intensity of this pressure as the torque increases. Table 4 . Summary of the studied torques for the different configurations. The Importance of the Assembly in Thermoelectric Generators http://dx.doi.org/10.5772/intechopen.75697
Number of modules
In the case of having four modules in an assembly with only four screws, the fact that pressure is not uniformly distributed becomes more noticeable. Only the four corners, where screws are actually located, are working under an appreciable pressure (Figure 7a ).
If an additional screw is located in the center so that the bending of the dissipater is reduced and the pressure is increased in order to improve the contact, the improvements obtained are minimal (Figure 7b) due to the big distance between the additional screw and the modules. Thus, it is recommended that each module has its own tightening.
Quantitative analysis
Visual analysis of Figures 6 and 7 states a pressure distribution which is far from uniformity. In this section, this fact is demonstrated with a statistical analysis based on the median. Since the pressure films used for the experiments are ranged from 0.6 to 2.5 MPa, those parts that work with a pressure out of scale will not be appropriately represented. Thus, the median is the most significant parameter to analyze: half of the pixels work under that pressure while the other half works above it.
On the one hand, for the heat exchanger with two modules, in the case in which there are only four screws, most of the module works under a pressure of 0.6 MPa or less. This value improves if the bending is restricted by means of an additional pair of screws located between the modules. As shown in Figure 8 , and accordingly to the previous states, the median of the pressure increases with the torque in a proportion that seems linear.
On the other hand, in the heat exchanger with four modules, the lack of macroscopic contact is evident with the median value of 0.6 MPa, i.e. most parts of the modules have a clamping pressure of less than 0.6 MPa. Nonetheless, although the visual analysis evinces a slight improvement when the fifth screw is introduced and a more significant torque exerted, this fact is not appreciable in the median value since the range of pressures of both configurations is much lower than 0.6 MPa, the lower limit of the scale of the film.
Hence, despite not being considered a critical aspect, screw distribution and torque are aspects to definitely take into account. The assembly configuration determines the pressure distribution in the modules, which is in turn related to the thermal contact resistance. If the module works under an uneven pressure distribution, the generation will be reduced, since some parts of the module can even be not in contact with the heat exchangers.
The most appropriate configuration seems that in which each module has the biggest amount of screws as close as possible to it. Furthermore, as the torque of these screws increases, the clamping pressure will get bigger as well as better distributed, and therefore, the thermal contact resistance will be reduced, leading to a better generation unless bending is provoked.
How to avoid thermal bridges
Last section has concluded that it is recommended to have an individual tightening of the modules in order to ensure a uniform pressure distribution that leads to a good thermal contact. In order to achieve it, screws are necessary although they represent a type of thermal bridge.
By definition, a thermal bridge is an area or component of an object which has higher thermal conductivity than the surrounding materials, creating a path of least resistance for heat transfer [45, 46] . In thermoelectric generators, there are two main sources for thermal bridges. On the one hand, the screws used to ensure a good contact and pressure distribution are normally metallic, and therefore, highly thermal conductive. In order to reduce the amount of heat lost through these screws, it is typical to use nylon washers. Nonetheless, even with this nylon rings, it is estimated that the thermal resistance of each screw is 52 K/W.
On the other hand, due to the small thickness of the thermoelectric modules (most commonly 3 mm), it can occur that part of the heat directly flows within the heat exchangers, instead of through the thermoelectric modules. Therefore, insulating materials are usually inserted between the heat exchangers.
In the present section, assuming there is a good thermal contact, three different alternatives of insulating materials that are normally used in order to avoid thermal bridges will be studied: Figure 8 . Median of the pressure against the applied torque for the configuration of two modules.
• Mineral wool fiber cardboard manufactured by Nefalit. This material is made up of highly thermal insulating fibers bound together with fillers. These plates are suitable for temperatures up to 750 or 1000°C and are easy to handle in the assembly. They present a thermal conductivity of 0.15 W/mK [47] .
• Acrylic wool made by Flexiband: this insulating material is manufactured from pure refractory fibers which provide a low thermal conductivity (0.09 W/mK) and flexibility [48] .
• Air: known as one of the best insulators, air presents a thermal conductivity of 0.024 W/mK. Nevertheless, if convection currents are created, heat transfer coefficients improve and the effective value of the thermal conductivity can be considerably increased.
Methodology
For each of these insulating materials, the assembly depicted in Figure 9 was mounted. A heating plate acts as a heat source, providing a power, Q ̇ source , of 100, 150 or 200 W. This plate is in direct contact with two thermoelectric modules surrounded by the insulating material of study in each case. In the cold side of the thermoelectric modules, there is a fin dissipater assisted by a ventilator. In order to minimize direct thermal losses from the heating plate to the environment, a 50 mm layer of rock wool has been used. Figure 9 also shows the location of the type K thermocouples installed. Hence, the three involved heat fluxes can be determined: the heat flux that goes through the modules and therefore is responsible of the electric generation, Q ̇ mod ; the heat flux lost due to the thermal bridges, Q ̇ tb ; and the heat flux that is directly lost from the source to the ambient, Q ̇ amb . This last heat flux has been calculated thanks to the insulation and the ambient temperatures in conjunction with a convection coefficient of h = 5 W/m 2 K [49] .
In contrast, the calculation of the other two heat fluxes has required the use of a computational model. Temperatures T c and T h are known, but thermal resistances depend on the thermal contacts between the different parts, R co,h and R co,c , as well as on the existing temperature distribution in each case. Thus, the computational model based on the finite difference method of Figure 10 has been used. This model calculates all the possible thermal resistances of the modules, R mod , and their generating voltage depending on the temperature difference and the load resistance, with an error less than 10% [50] . By comparing the experimental temperature difference and the open circuit voltage determined by the model, both the thermal contact resistances and the thermoelectric modules resistance have been estimated.
Based on them, the different heat fluxes can be computed as follows. Firstly, the heat that is supposed to flow through the modules is the heat provided by the source minus the heat directly lost to the environment.
Bringing Thermoelectricity into Reality Secondly, the heat that goes through the modules is computed with the mentioned thermal resistances, the measured temperature difference and the number of modules M.
Finally, the heat that is lost in the thermal bridge can be computed as the difference between the heat that is supposed to flow through the modules, and the heat that actually passes through them.
Nonetheless, the percentage values of the heat that goes through the thermal bridges instead of the modules acquires more interest:
The repetitiveness of the experiments has been ensured by means of mounting and dismounting the ensemble three times for each configuration, which also reduces the uncertainty of the measurements and the experimental procedure. 
Results and discussion
In a first approach, Figure 11 shows the results obtained for the configuration in which the insulating material has the same thickness as the module, i.e. 3 mm (Figure 12 ). As it can be observed, for all the studied materials, the percentage of heat lost through the insulation increases with the heat dissipated by the source. Nonetheless, this amount differs for each material. Thus, cardboard presents the most significant heat losses, with almost 30% lost due to thermal bridges. This is the expected result since it presents the highest conductivity of the studied materials. However, despite the air having the smallest thermal resistance, the thickness between both heat exchangers is enough to create convection currents that improve the heat transfer. As a result, thermal losses with either acrylic wool or air as insulators are similar. Furthermore, it is worth mentioning that in the case of having air, which is equivalent to not putting anything, the assembly is more complicated since modules can easily move, as they are not held by the insulating material.
Since thermal losses represent a considerable part of the heat that should go through the modules, a second configuration (Figure 13 ) with a higher distance between the heat exchangers increases was also studied. Increasing the thickness of the insulation causes an increment of the thermal resistance, and therefore, thermal losses should decrease. This increment of thickness Bringing Thermoelectricity into Reality is compensated with highly conductive aluminum heat extenders in the case of the modules. Nonetheless, this leads to two additional contacts, with their associated thermal contact resistance, which can negatively influence the thermal transfer if contact is not appropriated. In this case, graphite sheets have again been used as TIM in order to ensure the microscopic contact.
As it can be observed in Figure 14 , the increment of distance between the heat exchangers supposes a reduction of approximately 5% in the percentage of heat that is lost due to thermal bridges since, as expected, thermal resistances of the insulation increase leading to less thermal losses. For this configuration, the tendency remains similar: heat losses increase with the power from the heat source and acrylic wool is still the best insulator and cardboard the worst. However, differences between acrylic wool and air are now more evident. Since the distance between the exchangers has increased, there is more space for the convection currents to flow, this improving the heat transfer and leading to more thermal losses. In summary, losses due to thermal bridges definitely need to be taken into account: around one-fourth of the power provided from the source goes through the insulation instead of the thermoelectric modules. As a consequence, the generation is reduced.
In order to decrease the thermal losses, it has been demonstrated that it is better to increase the thickness of the insulation, despite adding two additional contacts. Among the materials studied, the best one is acrylic wool. Nonetheless, air (equivalent to not adding any insulation) should be considered, since the cost is reduced and there is not such a significant difference among them. However, it presents the disadvantage of a more complicated assembly.
Conclusions
Although the assembly is not generally considered in the optimization of thermoelectric generators, the present chapter has demonstrated that it is an aspect that cannot be forgotten since it deteriorates the performance of generators. Thus, the assembly needs to incorporate thermal interface materials that counteract microscopic imperfections, being graphite sheets the most recommended one between the studied. In order to ensure this microscopic contact and reduce the temperature drop that appears in the interface, it is also important to apply some pressure to the assembly. The easiest way to achieve this is the use of screws. Pressure measurement films have shown that each module needs to have its own tightening. Assemblies that share this tightening can cause a contact in only some parts of the module. However, the implementation of these screws has a counter effect: they represent a thermal bridge themselves and part of the heat is lost through them. Therefore, the insertion of nylon rings is recommended. The other important source of losses due to thermal bridges occurs between the heat exchangers, since the distance between them is too small. Placing an insulating material between the exchangers slightly reduces the losses, but it is better to increase the distance between them with the aid of a conductive heat extender and insulate with acrylic wool. Nonetheless, if this material is not added, air has demonstrated to also be a good insulator, cheaper but which leads to a less precise assembly. 
Nomenclature
